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Swelling inﬁltrometerAbstract This paper presents the results of an experimental investigation performed to quantify
the effect of mixing clayey soils with saltwater on consistency and swelling characteristics of clays.
Massive natural clay deposits and compacted clay backﬁlls either exist or are used in certain impor-
tant and sensitive applications such as dams, liners, barriers and buffers in waste disposal facilities.
In many cases, the clay deposits in these applications are subjected to saltwater. However, in
standard laboratory classiﬁcation tests, distilled or potable water are usually used in mixing test
samples. This may lead to faulty interpretation of the actual in-situ consistency and volume change
behaviors. In this research, an attempt is made to quantify the changes in consistency and swelling
of clay soils from various locations around the Nile valley and possessing a wide range of consis-
tency, when mixed with natural seawater with different salt concentrations. The results showed that
the increase of the salt concentration of the mixing water may result in major decrease in the liquid
limit and swelling characteristics of high plasticity montmorillonite clays. The reduction in the
swelling of the clay soils is also proportional to the rate of saltwater inﬁltration. In an attempt
to correlate the swelling of clays to the rate of water inﬁltration, a new simpliﬁed laboratory
apparatus is proposed where swelling and inﬁltration are measured in one simple test ‘‘the swelling
inﬁltrometer’’.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center. This is an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).Introduction
Swelling soil causes major geotechnical problems all over the
world. Swelling soil deposits are found mainly in arid and semi
arid areas. The regions around the Nile valley in Upper Egypt
contains a great extent of swelling soil that contains montmo-
rillonite or both montmorillonite and kaolinite minerals.
Massive natural clay deposits and compacted clay backﬁlls
either exist or are used in certain important and sensitive
applications such as dams, liners, barriers and buffers in waste
176 M.E. Elmashad, A.A. Atadisposal facilities. In many cases, the clay deposits in these
applications are subjected to saltwater. However, in standard
laboratory classiﬁcation tests, distilled or potable water are
usually used in mixing test samples. This may lead to faulty
interpretation of the actual in-situ consistency and volume
change behaviors Ajalloeian et al. [1].
Di Maio [2], Kaya and Fang [3], and O¨ren and Kaya [4]
have published studies on the variations in behavior of clayey
soils upon mixing with ﬂuids other than distilled water. These
studies reported saltwater causes major changes in the swelling
characteristics of clays. Di Maio [2] concluded that the seawa-
ter effect on compressibility characteristics of clays is more
pronounced for bentonites. Shirazi et al. [5] concluded from
an experimental study, that the liquid limit of bentonite
remarkably decreased from 497% to 112% when the mixing
water changed from distilled water to 0.5 M of NaCl solution.
Then it gradually decreases upon the NaCl concentration
increasing from 0.5 to 4 M while plastic limit slightly increased
upon the increasing salt concentration. Don et al. [6] reported
major ground settlement upon intrusion of saline water Shiroi-
shi lowland plain, southwestern Kyushu Island of Japan.
Yukselen-Aksoy et al. [7] showed that seawater effect becomes
more signiﬁcant when liquid limit is greater than 110%.
Beyond this limit, the individual soil index values decrease lin-
early on a logarithmic plot.
The main objective of this experimental investigation is to
quantify the change in the consistency and swelling properties
of Egyptian clayey soils when exposed to seawater
environment.
Soil samples
In this study, several swelling clay samples, of different miner-
alogy, were mixed with distilled water and natural salty water
from different sources. The soil samples used were collected
from three different locations in Egypt as follows:Table 1 XRD results of the three clay samples.
Soil A (Toshka Shale) Soi
Montmorillonite 66 72
Kaolinite 30 15
Illite 1 4
Table 2 Total dissolved salts in soil distilled-water-extract in (ppm).
Soil and mixing water PH T.D.S Cl
Toshka Shale (A) and D.W. 7.4 2050 125
Fayioum Clay (B) and D.W. 7.4 4166 41
C. Bentonite (C) and D.W. 8.5 8120 207
Table 3 Dissolved salts in mixing water (ppm).
Saltwater PH T.D.S Cl
S.C.W. 8.5 106,852 85,492
M.S.W. 8.4 37,056 19,452
Q.L.W. 8.4 29,050 9691Soil Sample A Toshka Shale (Toshka area in Upper Egypt).
Soil Sample B Fayioum Clay (Baher Elgaraq in Middle Egypt).
Soil Sample C Borg El-Arab factory Bentonite (industrialized).l B (Fayioum Cla
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331The mineralogy of the three tested clays was analyzed using
X-ray Diffraction technique to determine the percentage and
composition of the clay minerals. The results are presented
in Table 1.
Table 2 shows the chemical analysis of the soil–distilled-
water-extract (D.W.) where soil C (Commercial Bentonite)
has the highest total dissolved salts, while soil A (Toshka
Shale) has the lowest total dissolved salts.
Mixing water
The mixing water used is distilled water (D.W.), soft clay area
water (S.C.W.), Mediterranean Sea water (M.S.W) and Qarun
lake water (Q.L.W). It is also clear from Table 3 that the total
dissolved salts of the S.C.W. are the highest, followed by the
M.S.W., followed by the Q.L.W.
The three soil samples were all mixed with the three
saltwater samples. The chemical analyses of the soil saltwater
extract of each case are presented in Table 4. Table 4 shows
that mixing Commercial Bentonite (soil type C) with any of
the saltwater types increases the total dissolved salts (TDS)
in the water extract. The table also shows that soil type C
mixed with S.C.W. results in TDS higher than that of soil type
C after mixing it with M.S.W. and higher than that when
mixed with Q.L.W.
Consistency limits
Standard consistency limit tests were performed on the clay
samples after mixing with different water samples. The soily) Soil C (Commercial Bentonite)
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Table 4 Dissolved salts in soil saltwater-extract (ppm).
Soil and mixing water PH T.D.S Cl Ca(Hco3)
2 SO3 Ca Mg
Soil A mixed w. S.C.W. 8.1 112,365 87,632 680 4800 750 2987
Soil A mixed w. M.S.W 8.0 38,562 17,863 679 4251 671 2781
Soil A mixed w. Q.L.W. 8.0 30,254 10,230 840 3589 650 2560
Soil B mixed w. S.C.W. 8.0 108,652 9756 1265 6985 789 1234
Soil B mixed w. M.S.W. 8.0 40,125 70,562 1256 7658 658 1258
Soil B mixed w. Q.L.W. 8.0 32,654 18,675 1354 6874 457 958
Soil C mixed w. S.C.W. 8.5 132,160 79,608 1354 6000 668 2512
Soil C mixed w. M.S.W 8.5 46,880 9991 1204 2000 88 2072
Soil C mixed w. Q.L.W 8.5 32,690 12,806 1204 6119 10 270
Table 5 Consistency of soil samples after mixing with seawater.
Sample LL (%) PL (%) PI (%) Linear shrinkage (%) Total shrinkage (%)
Soil A and D.W. 68.8 29.7 39.1 29 14
Soil A and Q.L.W. 67.2 27.9 39.2 22 15
Soil A and M.S.W. 56.6 26.0 30.6 20 16
Soil A and S.C.W. 54.4 27.1 27.2 17 18
Soil B and D.W. 140 35 105 37 15.4
Soil B and Q.L.W. 75 27 48 25.5 15.2
Soil B and M.S.W. 64 25 39 27.8 22.1
Soil B and S.C.W. 56 23 33 21.1 25.4
Soil C and D.W. 477 35.9 441.4 46.4 7.24
Soil C and Q.L.W. 103.7 32.9 70.8 31.4 12.1
Soil C and M.S.W. 116.1 39.8 76.3 30.6 15.1
Soil C and S.C.W. 61.9 29.4 32.4 16.7 33.5
Soil A Soil B Soil C
D.W. 150 250 650
Q.L.W. 40 70 95
M.S.W. 30 50 75
S.C.W. 20 30 25
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Figure 1 Inﬂuence of saltwater on the swell index.
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presents the results of the liquid limit (LL), plastic limit
(PL), plasticity index (PI), linear shrinkage and total
shrinkage. The effect of the saltwater on the consistency of
the various clay samples is most noted on sample type C of
the Commercial Bentonite. Table 5 shows that the liquid limit
of soil C when mixed with distilled water is 477% and signiﬁ-
cantly decreased to 61.9% when mixed with S.C.W. The liquid
limit of soil B when mixed with distilled water is 140% and
decreased to 56% when mixed with S.C.W. On the other hand,
the liquid limit of soil A, which is characterized by a relatively
low liquid limit of 68.8% is not signiﬁcantly affected by saltwa-
ter. These trends are consistent with the results published by
Yukselen-Aksoy et al. [7] and Tatiana [8], where they con-
ﬁrmed that increasing the salt concentration, the cation
valence decreases the inter-particle distances, resulting in the
decrease of the liquid limit.
Swelling properties
The swelling characteristics of the soil samples were deter-
mined using three types as follows:
Free swell index test
Free swell index tests were performed according to the
Egyptian Code 202-2006. The soils were oven dried at
105 C and then ground using a mortar and pestle until the soil
passed the 0.02 mm standard sieve. 30 ml of water was poured
into a 100 ml graduated cylinder. Ten grams of sieved soil wasplaced in the water in 1 g increments under free fall. After the
10 g was added, additional solution was poured to ﬁll the cyl-
inder to the 100 ml and to rinse any particle of soil adhering to
the internal sides of the cylinder. After minimum 24 h of
hydration period after the last increment, the ﬁnal volume of
swollen soil was measured. The free swell index, measured by
this method, is calculated with:
SI ¼ Vf  Vi
Vi
 100ð%Þ ð1Þ
where SI= free swell index (%), Vf = ﬁnal volume (cm
3) and
Vi = initial volume (cm
3).
The result presented in Fig. 1 shows that the free swell index
of soil A mixed with distilled water was found 150%more than
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Figure 3 Swelling ratio of soil B (Elfayioum Clay).
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Figure 4 Swelling ratio of soil C (Commercial Bentonite).
178 M.E. Elmashad, A.A. Atathat when mixing with saltwater. Mixing with S.C.W. has
shown to have the most reduction of the free swell index for
soil A. Mixing soil C with saltwater results in a marked
decrease in the free swell index from 650% with distilled water
to less than 95%. The lowest reduction in noticed for the case
when using S.C.W. where the free swell index decreased to
25%. It is concluded that the swelling characteristics of the
soils that exhibit high liquid limit are more signiﬁcantly
reduced when mixed with saltwater. The results indicate that
as the NaCl of the mixing water increases, the free swell index
decreases.
Standard 1-D swelling test (Oedometer)
Swelling in Oedometer tests was performed in a standard one-
dimensional Oedometer apparatus as per ASTM D 2435. The
oven dried soil samples were compacted in a ﬁxed stainless
steel Oedometer ring with an internal diameter of 75 mm.
Three samples were tested for each case under stress incre-
ments of 113 kPa, 226 kPa and 340 kPa. The stress increment
was applied to the dry sample and sustained until the vertical
movement has stopped. Water was then added to the cell and
the swelling was recorded with time. The swelling ratio is
expressed by the percentage of the total heave (swell) to the ini-
tial sample’s height.
SR ¼ Hf Hi
Hi
 100ð%Þ ð2Þ
The results of the swelling ratio are presented in Figs. 2–4, for
the cases of soils A, B and C, respectively. At the lowest stress
increment of 113 kPa, the Swelling ratio (SR) of soils A, B and
C submerged with distilled water (D.W.) were equal to 10%,
12% and 13%, respectively. For the case of D.W., if we extrap-
olate the relationship between the sustained stress and the
swelling ratio to estimate the ﬁctitious stress at which the SR
is nil, Figs. 2–4 show that the required stresses are 550 kPa,
700 kPa and 500 kPa for soils A, B and C, respectively.
For soil A in Fig. 2, it is clear that submerging with saltwa-
ter results in a marked decrease in the SR, where the maximum
decrease in noticed for the case of S.C.W. We also note that
S.C.W. has the highest salt content of all waters used. The ﬁc-
titious stress corresponding to zero swelling decreases from
550 kPa for D.W. to 350 kPa for S.C.W., which represents a
64% reduction. Figs. 3 and 4 for soil types B and C show that
effect of the seawater on the swelling ratio follows the same
trend as explained for soil A. For the cases of soil types B0
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Figure 2 Swelling ratio of soil A (Toshka Shale).and C, the reduction in the ﬁctitious stresses corresponding
to zero swelling, is 58% and 70%, respectively.
Combined 1-D swelling and inﬁltration
An important property in studying swelling clay behavior and
improvement is the speed at which water penetrates into the
soil. This property is known as inﬁltration. The rate of inﬁltra-
tion is usually measured by the depth, in mm, of the water
layer that can enter the soil in 1 h. An inﬁltration rate of
15 mm/h means that a water layer of 15 mm on the soil surface
will take one hour to inﬁltrate. In dry soil, initially, water inﬁl-
trates rapidly and this is called the initial inﬁltration rate. As
more water replaces the air in the pores, the water from the soil
surface inﬁltrates more slowly and eventually reaches a steady
rate, known as the basic inﬁltration rate. The swelling of clay
soil is dependent on the moisture content and saturation which
is proportional to the inﬁltration rate. The inﬁltration rate
depends on soil texture (the size of the soil particles and soil
structure).
The most common method to measure the inﬁltration rate
is by a ﬁeld test using a cylinder or ring inﬁltrometer. In an
attempt to correlate the swelling of clays to the rate of water
inﬁltration, a new simpliﬁed laboratory apparatus is presented.
The idea is to measure the swelling and inﬁltration in one sim-
ple test ‘‘the swelling inﬁltrometer’’. The apparatus consisted
of a clear plexiglass tube with an internal diameter of
150 mm and a total height of 300 mm. A 50 mm layer of clean
sand is ﬁrst compacted at the bottom of the tube followed by a
200 mm thick of the dry swelling soil sample which is com-
pacted in 5 equal layers, using a speciﬁed compaction effort.
Each sample is loaded by a constant seating load of 5 kPa.
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Figure 5a Inﬁltration in soil C (Commercial Bentonite).
Effect of seawater on consistency, inﬁltration rate and swelling characteristics of montmorillonite clay 179The soil samples were then inundated with water, such that the
height of the water was maintained at 10 mm above the surface
of the soil sample. The soil swelling was measured with elapsed
time using an analog dial gauge, attached to the top end, as
shown in the insert in Fig. 5. The water inﬁltration into the soil
sample is visually monitored and measured through the clear
plexiglass tube versus during the test.
Fig. 5a shows the depth of inﬁltration, versus elapsed time,
in soil C (Commercial Bentonite) inﬁltrated with various salt-
waters. From the ﬁgure, we may conclude that the effect of the
seawater is to signiﬁcantly increase the ﬁltration. For soil C
inﬁltrated with SCW, 100% inﬁltration was achieved in about
2000 min, while for the same soil inﬁltrated with DW, the inﬁl-
trations after 2000 min is only 18% of the total sample’s
height. Fig. 5b shows the swelling behavior of soil C (Commer-
cial Bentonite), in the combined swelling-Inﬁltration test, when
inﬁltrated with various soil waters. For soil C mixed with
SCW, both the rate of swelling and the total swelling are con-
siderably reduced as compared to mixing with distilled water.
It should be noted that this is the extreme case as the soil C
possess the highest liquid limit (477% with D.W.) and the
highest percentage of montmorillonite (95%). In the presence
of strong salt solutions, like seawater, the thickness of the dif-
fuse double layer dramatically decreases. Due to high ionic
strength of seawater, salt cations replace with cations that
are present in clay structure. As a result of this phenomenon,
the engineering behavior of these soils signiﬁcantly changes.
The two phenomena of the increased inﬁltration and
reduced swelling, displayed in Figs. 5a and 5b, can be
explained in view of the Derjaguin Landau, Verwey and Over-
beekn (DLVO) theory. According to Szilvasszy [9], the DLVO
theory suggests that the stability of a particle in solution
depends upon balance of attractive and repulsive interactions.
The attractive forces at the surfaces of clay particles stay0
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Figure 5b Swelling of soil C (Commercial Bentonite).constant but repulsive forces are dependent on the concentra-
tion of electrolytes. Lower concentration induced greater
repulsive forces and ﬁnally held sufﬁciently repulsive force.
Whereas, the higher concentration induced lower repulsive
force and ﬁnally resulted in attractive force at the particle sur-
faces Shirazi et al. [5]. Therefore, due to low concentration of
salt, the particles have sufﬁciently high repulsion, the disper-
sion will resist ﬂocculation and the colloidal system will be sta-
ble. Shirazi et al. [5] further explained that the repulsion
mechanism does not exist in solutions of high concentrations
of electrolyte and therefore ﬂocculation or coagulation eventu-
ally takes place. The results of the present study are in agree-
ment with the ﬁndings of the DLVO theory.
Van Olphen [10] also indicated that increasing NaCl con-
centration is interpreted as being due to a decrease in dou-
ble-layer swelling between quasi-crystals. As the electrical
double layer adjacent to the quasi-crystal surface is com-
pressed with increasing NaCl concentration, the aggregate
swell may decrease. Sizuki et al. [11] have again conﬁrmed
decrease in the aggregate swelling with increasing NaCl con-
centration is due to the compression of the diffuse double layer
adjacent to the quasi-crystal surface. Thus, aggregate swelling
for NaCl solution is possibly controlled by both crystalline
swelling and double layer swelling between quasi-crystals.
Similar trends were also observed for the case of soil B
(Fayioum Clay) where 72% of the clay mineral is montmoril-
lonite and 15% is Kaolinite.
Conclusions
1. Standard laboratory tests on clays containing montmoril-
lonite mineral percentage higher than 72% and having a
liquid limit higher than 140% when mixed with distilled
water show that the liquid limit and the swelling potential
are signiﬁcantly reduced if saltwater is used in mixing.
The extreme case is for soil C which has the highest liquid
limit (477% with D.W.) and the highest percentage of
montmorillonite (95%) where the liquid limit is reduced
to only 69%.
2. A new laboratory test is proposed to measure the swelling
and inﬁltration in clays with one simple test ‘‘the swelling
inﬁltrometer’’. The results from the swelling inﬁltrometer
tests conﬁrm that the effect of the seawater is to signiﬁ-
cantly increase the ﬁltration and decrease the swelling
potential of clays containing high percentages of montmo-
rillonite mineral.
3. The two phenomena of the increased inﬁltration and
reduced swelling due to submergence (inﬁltration) with sea-
water are in agreement with the Derjaguin Landau, Verwey
and Overbeekn (DLVO) theory.References
[1] R. Ajalloeian et al, Effect of saline water on geotechnical
properties of ﬁne-grained soil, EJGE 18 (2013) 1419–1435.
[2] C. Di Maio, Exposure of bentonite to salt solution: osmotic and
mechanical effects, Geotechnique 46 (4) (1996) 695–707.
[3] A. Kaya, H.Y. Fang, The effects of organic ﬂuids on
physicochemical parameters of ﬁne-grained soils, Can.
Geotech. J. 37 (2000) 943–950.
[4] A.H. O¨ren, A. Kaya, Some engineering aspects of homoionized
mixed clay minerals, Environ. Monit. Assess. 84 (2003) 85–98.
180 M.E. Elmashad, A.A. Ata[5] S.M. Shirazi et al, Salinity effect on swelling characteristics of
compacted bentonite, Environ. Protect. Eng. Jpn. 37 (2011) 2.
[6] N.C. Don, N.T.M. Hang, H. Araki, H. Yamanishi, K. Koga,
Salinization processes in an alluvial coastal lowland plain and
effect of sea water level rise, Environ. Geol. 49 (2006) 743–751.
[7] Y. Yukselen-Aksoy, A. Kaya, A. O¨ren, Seawater effect on
consistency limits and compressibility characteristics of clays, J.
Eng. Geol. 102 (2008) 54–61.
[8] I.V. Tatiana, Seawater inﬂuence on the behavior of the
expansive clays, Scientiﬁc Papers, Series E. Land Reclamation,Earth Observation & Surveying, Environmental Engineering,
2012, I.
[9] Z. Szilvasszy, Soils engineering for design of ponds, canals and
dams in aquaculture, Food and Agricultural Organization,
Research Centre for Water Resources Development, Budapest,
Hungary, 1984.
[10] H. Van Olphen, An Introduction to Clay Colloid Chemistry,
second ed., Wiley, New York, 1997.
[11] S. Sizuki et al, Appl. Clay Sci. 29 (2005) 89–98.
